Abstract. In this study, the finite element method (FEM) is used to investigate the dynamic response of continuous girder bridge due to moving three-axle vehicle . Vertical reaction forces of axles that change with time make bending vibration of girder significantly increase. The braking in the first span is able to create response in other spans. In addition, the dynamic impact factors are investigated by both FEM and experiment for Hoa Xuan bridge. The results of this study provide an improved understanding of the bridge dynamic behavior and can be used as additional references for bridge codes by practicing engineers.
INTRODUCTION
Dynamic interactions between vehicle and bridge were initially interested in railway engineering, they rapidly attracted attention of highway engineering. The initial researchers had studied the response of bridges subjected to vehicles moving since the 50s of the 19th century. Frýba [1] also provided a fundamental study of girder due to mass roll on the train rails considering the braking effects, and investigated the quasistatic distribution of braking as well. Kishan and Trail-Nash [2] studied the dynamic response of highway bridges due to vehicle loading considering braking force, and the resulting impact factors may be larger than those adopted in the current design code. Gupta and Trail-Nash [3] investigated the dynamic behavior of bridge model with single span uniform girder considering the road surface irregularities and vehicle braking force. Mulcahy [4] carried out method for analysis of dynamic interaction between single span c 2017 Vietnam Academy of Science and Technology bridges and a three-axle tractor-trailer vehicle considering vehicle acceleration, braking effects and roughness of the road surface. Yang and Wu [5] applied and a developed numerical method to investigate the dynamic behavior of a bridge when vehicle was decelerating. Hu and Han [6] presented a nonlinear dynamic model of four-wheel-steering vehicles considering the braking force, as well as the air drag and wind effect. Law and Zhu [7] studied the dynamic behavior of continuous three spans under moving vehicle considering the roughness of the road surface. Ju and Lin [8] used the FEM to calculate the vertical vibration of girders caused moving vehicle due to the braking force with simple model. González et al. [9] presented an algorithm based on first-order Tikhonov regularization and dynamic programming for the identification of moving vehicle forces on a bridge. Zhisong and Nasim [10] based on results of routine bridge weight-in-motion, the simulation approach is developed and proposed to predict bridge safety and integrity if heavy trucks experience emergency braking on the bridge. Deng et al. [11] studied the dynamic impact factors for shear and bending moment of both simply supported and continuous bridges due to vehicle loading by numerical simulations. However, most of the previous research on dynamic interaction between the vehicle and simply supported bridge, very few studies have focused on the multi-span continuous girder bridge considering braking effects. Additionally, the field test is needed in order to obtain a clearer understanding of the relationship between dynamic interaction for bridge types and vehicle models.
This paper investigates the dynamic response of continuous girder bridge subjected to dynamic wheel loads by FEM and experiment. The vibration of the multi-span continuous girder bridge was analyzed with various vehicle speeds considering the braking effects to assess the amount of interaction between the vehicle and multi-span continuous girder bridge.
The main objective of the test is to validate the calculation procedure for determining the Dynamic Impact Factor (DIF) of the continuous girder bridge under dynamic wheel loads considering the vehicle speed and braking effects. There are many definitions for DIF or (1+IM) (AASHTO [12] ), DIF in this paper is taken as the ratio of dynamic and static responses
where D dynamic is the absolute maximum dynamic deflection response at any point and D static is the maximum static response obtained from the filtered dynamic response. An example of bridge response for a vehicle moving on the highway bridge is shown in Fig. 1 . The movement of vehicle based on a four-mass model, including the mass of the entire vehicle and three axles, rotational inertia of the chassis, the damping and the suspension stiffness, spring and tires. Numerical analysis results were compared with the experimental testing results performed on the Hoa Xuan bridge in Danang city, Vietnam.
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Dynamic Impact Factor (DIF) of the continuous girder bridge under dynamic wheel loads considering the vehicle speed and braking effects. There are many definitions for DIF or (1+IM) (AASHTO [12] ), DIF in this paper is taken as the ratio of dynamic and static responses:
Where D dynamic is the absolute maximum dynamic deflection response at any point and D static is the maximum static response obtained from the filtered dynamic response. An example of bridge response for a vehicle moving on the highway bridge is shown in Fig. 1 . This study develops the FEM to analyze the interaction between three-axle dumper truck vehicle and seven-span continuous concrete girder bridge considering the braking force. In addition, this research evaluates the effects of the girder on vertical direction when the vehicle brakes. The movement of vehicle based on a four-mass model, including the mass of the entire vehicle and three axles, rotational inertia of the chassis, the damping and the suspension stiffness, spring and tires. Numerical analysis results were compared with the experimental testing results performed on the Hoa Xuan bridge in Danang city, Vietnam.
FINITE ELEMENT METHOD ANALYSIS

Computational models and assumptions
The diagram of a three-axle vehicle moving on the Hoa Xuan bridge in Danang city is described as in Fig. 2 . The dynamic interaction model between a three-axle vehicle and a girder element considering vehicle braking force is described as in Fig. 3 . 
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Computational models and assumptions
The diagram of a three-axle vehicle moving on the Hoa Xuan bridge in Danang city is described as in Fig. 2 . The dynamic interaction model between a three-axle vehicle and a girder element considering vehicle braking force is described as in Fig. 3 . in which
x i -the coordinate of the i th axes of the vehicle at time t(i = 1, 2, 3); t -time variation; a i -the acceleration of the i th axle when a brake is used (a i < 0); L -the length of the girder elements; x o -the coordinate of the center of mass m at time t; x el f -the distance between the left side of the bridge and the left side of the girder element; v i -the velocity of the i th axle before a brake is used; t i -the point of time when the i th axle begins entering the bridge; t bi -the point of time when a brake on the i th axle is used; t ei -the point of time when the i th axle stops; P is the stimulation force caused by the eccentric mass of the engine; m -the mass of vehicle body, excluding the mass of the axles; s -the distance of vehicle moving from left end of bridge; u -vertical displacement of the chassis at centre of mass m; ϕ -the rotation angle of the chassis; u 1 ,ū 2 ,ū 3 -the vertical displacement of chassis at the three axles; u 1 , u 2 , u 3 -the vertical displacement of the three axles; y s1 , y s2 , y s3 -the relative displacement between the chassis and the three axles; y t1 , y t2 , y t3 -the relative displacement between the girder element and the three axles; h 1 , h 2 , h 3 -the height from the centre of girder element to centre of mass m 1 , m 2 , m 3 respectively; T t1 , T t2 , T t3 -the friction forces between tire and bridge surface at the three axles. m 1 , m 2 , m 3 -the mass of the 1 st , 2 nd , 3 nd axle respectively; w 1 , w 2 , w 3 -the displacement of girder element at 1 st , 2 nd , 3 nd axle respectively;
-the stiffness and the damping of the three axles;
-the stiffness and the damping of the three tires; Inertial forces, damping forces, elastic forces, stimulating forces and braking forces affecting the system are described as Fig. 3 . L -the length of the girder elements;
x o -the coordinate of the center of mass m at time t;
x elf -the distance between the left side of the bridge and the left side of the girder element; The following assumptions are adopted:
The mass of the entire vehicle, excluding the mass of the axles is transferred to the center of masses of the system. It is equivalent to the mass m and the rotational inertia J.
The mass of the 1 st axle is m 1 , which is regarded as a mass point at the center of the corresponding axle. This is the same case for the masses of 2 nd and 3 rd axle are m 2 and m 3 .
The chassis is hypothesised to be absolutely hard and undistorted when moving. The materials of a girder are in the linear elastic stage. The bridge surface is flat, and has the homogeneous friction coefficient over the entire bridge surface.
Braking forces of the axles of vehicle are assumed to occur simultaneously. The direction of the forces between bridge surface and tires are assumed to be in the opposite direction of the movement of a vehicle as shown in Fig. 3 .
From this assumption, the friction forces between bridge surface and tires make the vehicle decelerate gradually and cause inertia forces: −m 1s , −m 2s , −m 3s .
The most dangerous case is when a brake is suddenly applied. In this case, T t1 , T t2 and T t3 are assumed to be directly proportional to loaded weight of vehicle
where τ -the coefficient of friction between bridge surface and tires; g -the acceleration of gravity.
Bending vibration of girder elements due to braking force applied to a three-axle vehicle
Basing on the above calculation model and assumptions, the system of masses m, m 1 , m 2 , m 3 , inertia forces, damping forces, elastic forces, stimulating force and braking forces are factors under analysis. In this case, braking forces are converted to friction forces T t1 , T t2 , T t3 as shown in Fig. 3 .
Using d'Alembert's principle and considering the equilibrium of each mass m, m 1 , m 2 , m 3 on the vertical axis and the longitudinal axis system, we get following equations
with i is number of axles (i = 1, 2, 3).
Considering the equilibrium equation of the system with the O point in Fig. 3 to get equations
where
Substituting Eq. (6) in to Eqs. (4) and (5), and combining Eqs. (3), (4) and (5), we obtained the following set of equations
According to Ray and Joseph [13] , the differential equation of motion for the flexure vibration of damped girder due to uniform loading p(x, t) can be written as follow
is the Dirac delta function; x i is determined by the Eq. (2); w -deflection of the girder element, F d -the cross-sectional area of the girder, J d -the girder section's inertial moment of area, E -the Young's modulus, EJ d -the flexural rigidity of girder element, ρF d -the mass of girder per unit length, θ and β -the coefficient of internal friction and external friction. The Galerkin method and Green theory are applied to Eqs. (7), (8), (9) transform into matrix form, and the differential equations of girder element can be written in a matrix form as follow (11) {q} , {q} , {q} , { f e } -the complex acceleration vector, complex velocity vector, complex displacement vector, complex forces vector, respectively [
Where [M ww ], [C ww ] and [K ww ] -mass, damping and stiffness matrices of the girder elements, respectively. They can be found in Zienkiewicz and Taylor [14] . M wz , M zw , M zz , C wz , C zw , C zz , K wz , K zw , K zz are mass, damping and stiffness matrices of interaction between beam element and vehicle subjected to moving loads which can be found in previous study of Toan and Duc [15] [16] [17] [18] [19] .
Apply the FEM to analyse the dynamic vibration of the Hoa Xuan bridge
The Hoa Xuan Bridge is a 7-span continuous concrete girder bridge with the dynamic structural model is shown in Fig. 2 , and the FEM model of bridge is shown in Fig. 4 . The cross section of the concrete girder bridge and position of truck is shown in Fig. 5 . The three-axle vehicle used in the numerical simulation is ASIA dumper truck as shown in Fig. 6 . Applying the algorithm of the FEM from Zienkiewicz and Taylor [14] , differential equations that arise from vibrating systems can be stated as
-mass matrix, damper matrix, and stiffness matrix of the system; {Q}, {Q}, {Q}, {F} -acceleration vector, the velocity vector, the deflection vector, and the force vector of the system. Eq. (14) 
Determination of dynamic impact factor for continuous girder bridge due to vehicle braking force with finite element method analysis and experimental investigation
Eq. (14) Fig. 7 shows the DIF variations in term of vertical deflections at 10km/h vehicle speed with the consideration of the effect of braking. The maximum of DIF is 1.36. The DIFs increase with braking effect vary from 0% to 16.23%, and the average increment of the DIFs reach 10.40% with braking effect. Fig. 8 shows variation of DIF in terms of vertical deflections at 20km/h vehicle speed considering braking, the maximum of DIF is 1.44. The DIFs increase with braking effect vary from 0% to 27.18% and the average increment of the DIFs reach 13.80% with braking effect. Fig. 9 shows variation of DIF in term of vertical deflection at 30km/h vehicle speed considering braking, the maximum of DIF is 1.51. The DIFs increase with braking effect 8 shows variation of DIF in terms of vertical deflections at 20km/h vehicle speed considering braking, the maximum of DIF is 1.44. The DIFs increase with braking effect vary from 0% to 27.18% and the average increment of the DIFs reach 13.80% with braking effect. Fig. 9 . Variation of DIF in terms of vertical deflections at 30km/h vehicle speed considering braking Fig. 9 shows variation of DIF in term of vertical deflection at 30km/h vehicle speed considering braking, the maximum of DIF is 1.51. The DIFs increase with braking effect vary from 0% to 28.68% and the average increment of the DIFs reach 12.27% with braking effect. vary from 0% to 28.68% and the average increment of the DIFs reach 12.27% with braking effect. Fig. 10 shows variation of DIF in term of vertical deflection at 40km/h vehicle speed considering braking, the maximum of DIF is 1.55. The DIFs increase with braking effect vary from 0% to 27.48% and the average increment of the DIFs reach 13.28% with braking effect. Fig. 11 . Variation of DIF in terms of vertical deflections at 50km/h vehicle speed considering braking Fig. 11 shows variation of DIF in term of vertical deflection at 50km/h vehicle speed considering braking, the maximum of DIF is 1.58. The DIFs increase with braking effect vary from 0% to 27.30% and the average increment of the DIFs is 14.41% with braking effect.
In most cases, the DIF increases with the vehicle speed. The maximum value of the average DIF is 1.34 at the vehicle speed of 50 km/h with braking effect in term of vertical deflection. Fig. 11 . Variation of DIF in terms of vertical deflections at 50 km/h vehicle speed considering braking Fig. 11 shows variation of DIF in term of vertical deflection at 50km/h vehicle speed considering braking, the maximum of DIF is 1.58. The DIFs increase with braking effect vary from 0% to 27.30% and the average increment of the DIFs is 14.41% with braking effect.
TEST PROCEDURES
Bridge
In most cases, the DIF increases with the vehicle speed. The maximum value of the average DIF is 1.34 at the vehicle speed of 50 km/h with braking effect in term of vertical deflection. Fig. 11 . Variation of DIF in terms of vertical deflections at 50km/h vehicle speed considering braking Fig. 11 shows variation of DIF in term of vertical deflection at 50km/h vehicle speed considering braking, the maximum of DIF is 1.58. The DIFs increase with braking effect vary from 0% to 27.30% and the average increment of the DIFs is 14.41% with braking effect.
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In most cases, the DIF increases with the vehicle speed. The maximum value of the average DIF is 1.34 at the vehicle speed of 50 km/h with braking effect in term of vertical deflection. 
TEST PROCEDURES
Bridge
Instrumentation
Instrumentation for measuring deflections was installed at specified locations prior to testing. The vertical deflections were measured, with linear variable displacement transducers (LVDTs), designed to provide displacement measurements. The LVDTs used for the dynamic tests were CDP-50 and CDP-100 gages manufactured by Tokyo Sokki Kenkyujo Co., Ltd. of Japan and shown on Fig.  13 . The gages were hang on the under girder (at points 1, 2, 3, 4 as shown on Fig. 14) using a special steel wires developed by the research team. These particular LVDTs have a through-tube construction which allows a spring to be mounted at a fixed height under the core and tube. As the deflection occurs the spring will hold the tube at a fixed elevation and allow the core to move with the structure and along the tube. As the core moves through the tube, the voltage output changes. This voltage change can then be read with the data record system and converted to deflection. 
Instrumentation for measuring deflections was installed at specified locations prior to testing. The vertical deflections were measured, with linear variable displacement transducers (LVDTs), designed to provide displacement measurements. The LVDTs used for the dynamic tests were CDP-50 and CDP-100 gages manufactured by Tokyo Sokki Kenkyujo Co., Ltd. of Japan and shown on Fig. 13 girder (at points 1, 2, 3, 4 as shown on Fig. 14) using a special steel wires developed by the research team. These particular LVDTs have a through-tube construction which allows a spring to be mounted at a fixed height under the core and tube. As the deflection occurs the spring will hold the tube at a fixed elevation and allow the core to move with the structure and along the tube. As the core moves through the tube, the voltage output changes. This voltage change can then be read with the data record system and converted to deflection. 
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Vehicle Testing
The test vehicle for the Hoa Xuan bridge is an ASIA dumper truck with three-axle (Fig. 15 ) and the vehicle weight is 140600 (kg) with leaf spring suspension on the steering axle and the tandem rear axle. The test vehicles were driven over the bridges at speeds of 10km/h, 20km/h, 30km/h and 40km/h, braking at positions 1, 2, 3, 4 of the first span (Fig. 14) . 
The test vehicle for the Hoa Xuan bridge is an ASIA dumper truck with three-axle (Fig. 15 ) and the vehicle weight is 140600 (kg) with leaf spring suspension on the steering axle and the tandem rear axle. The test vehicles were driven over the bridges at speeds of 10 km/h, 20 km/h, 30 km/h and 4 0km/h, braking at positions 1, 2, 3, 4 of the first span (Fig. 14) . 
The test vehicle for the Hoa Xuan bridge is an ASIA dumper truck with three-axle (Fig. 15) and the vehicle weight is 140600 (kg) with leaf spring suspension on the steering axle and the tandem rear axle. The test vehicles were driven over the bridges at speeds of 10km/h, 20km/h, 30km/h and 40km/h, braking at positions 1, 2, 3, 4 of the first span (Fig. 14) . 
Results and Discussions
The experimental results of DIFs at points 1, 2, 3, 4 on the Hoa Xuan bridge, with the velocity at sudden braking time ranging from 10 km/h to 40 km/h are illustrated in Fig. 14 . The larger velocity has not been tested because safe conditions were not allowed. The vehicle driving is repeated at least 03 times at each point. The experimental results is compared with FEM result (Figs. 16-17 , Tabs. 1-2).
The experimental results of DIFs at points 1, 2, 3, 4 on the Hoa Xuan bridge, with the velocity at sudden braking time ranging from 10 km/h to 40 km/h are illustrated in Fig. 14 . The larger velocity has not been tested because safe conditions were not allowed. The vehicle driving is repeated at least 03 times at each point. The experimental results is compared with FEM result (Figs. 16-17 , Tabs. 1-2). 
The experimental results of DIFs at points 1, 2, 3, 4 on the Hoa Xuan bridge, with the velocity at sudden braking time ranging from 10 km/h to 40 km/h are illustrated in Fig. 14 . The larger velocity has not been tested because safe conditions were not allowed. The vehicle driving is repeated at least 03 times at each point. The experimental results is compared with FEM result (Figs. 16-17 , Tabs. 1-2). -The uptrend and the downtrend of DIFs are found in experimental investigation and FEM analysis is similarity.
-In velocity range of 10-40 km/h, the DIF increases with an increase in velocity at sudden braking, the variation of DIF with velocity at sudden braking are shown on Figs. 16(a)-16(e) .
-In the limits of velocity, the DIF decreases with increasing the distance from the bearing location, the variation of DIF with braking positions are shown on Figs. 17(a)-17(e).
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(e) DIF versus velocity, sudden braking at all points 1, 2, 3, 4. -In velocity range of 10-40 km/h, the maximum average of DIF results by FEM is 1.294 and by testing is 1.276 (at speed of 40 km/h) 
CONCLUSIONS
This study introduces the results of research on dynamic interaction model between a three-axle vehicle and a continuous concrete girder bridge considering braking effects. The FEM has been applied to vibration analysis of the Hoa Xuan bridge and the FEM results were verified by the experiments. In this paper, the FEM results show that the DIF can be larger than 1.34 for continuous concrete girder bridge and about 30% for maximum increment of DIF with illustratable braking effects. In addition, the DIFs are investigated on both FEM analysis and experiment study on the Hoa Xuan bridge with velocity within the range of 10-40 km/h. The DIF increases with an increase in velocity at sudden braking, the DIF decreases with an increase of the distance from the bearing support location, the maximum average of DIF results by FEM is 1.294 and by testing is 1.276 (at speed of 40 km/h). Accordingly, the authors recommend that in bridge design, engineers should take into account the dynamic interaction caused by the vehicle moving on bridge and the sudden braking.
